Abstract This paper presents a procedure for response prediction in high-rise buildings under wind loads. The procedure is illustrated in an application example of a tall building exposed to both cross-wind and along-wind loads. The responses of the building in the lateral directions combined with torsion are estimated simultaneously. Results show good agreement with recent design standards; however, the proposed procedure has the advantages of accounting for complex mode shapes, non-uniform mass distribution, and interference effects from the surrounding. In addition, the technique allows for the contribution of higher modes. For accurate estimation of the acceleration response, it is important to consider not only the first two lateral vibrational modes, but also higher modes. Ignoring the contribution of higher modes may lead to underestimation of the acceleration response; on the other hand, it could result in overestimation of the displacement response. Furthermore, the procedure presented in this study can help decision makers, involved in a tall building design/retrofit to choose among innovative solutions like aerodynamic mitigation, structural member size adjustment, damping enhancement, and/or materials change, with an objective to improve the resiliency and the serviceability under extreme wind actions.
1. Introduction
Background
It is true that we cannot see the wind but we can see its effects. For instance, looking from a window and seeing branches and leaves of trees moving will give an indication that the weather is windy. Wind effects on the infrastructure can be low, moderate, strong, and extremely destructive. While low and moderate winds are beneficial for pollution dispersion and electric power generation, strong and extreme wind events can have devastating effects on the infrastructure. Extreme winds may cause damage to low-rise buildings in a form of windows damage, roof loss, or even complete collapse of wooden structures. In tall buildings however, both cladding loads and the dynamics of the structure become a concern. The use of highstrength, lightweight materials, longer floor spans, and more flexible framing systems results in structures that are more prone to vibrations. In tall buildings, wind events can cause severe and/or sustained vibratory motion, which can be detrimental to the structure and human occupants. Wind-induced vibrations may cause annoyance to the occupants (especially in the upper floors), impaired function of instruments, or structural damage. The evaluation of the wind-induced loads and responses is an important step for the design of the main force-resisting system of high-rise buildings, to balance safety and serviceability issues with the reality of limited resources.
Literature
Traditionally, wind-induced response of tall buildings in along-wind direction may be evaluated using formulae provided in the literature [15, 14, 11, 21, 1, 9] . However, the literature has little guidance for the evaluation of the critical cross-wind and torsional responses. This is due to the fact that cross-wind and torsional responses result mainly from the aerodynamic pressure fluctuations in the separated shear layers and the wake flow fields, which made it difficult to have an acceptable direct analytical relation to the oncoming flow fluctuations [31, 16] . In addition, the interference effects of surrounding tall buildings represent another challenge. Moreover, the responses evaluated using those formulae are restricted to a few modes, and the process depends on much assumption. On the other hand, wind tunnel pressure measurements and finite element (FE) modeling of the structures are the effective alternatives for determining these responses.
Wind tunnel tests have been industry wide accepted reliable tools for estimating wind loads on tall buildings. There are two types of rigid model testing that can provide overall structural wind loads. One technique relays on high-frequency base balance (HFBB) measurements and the other is based on high-frequency pressure integration (HFPI) of loads. Inherent in the HFFB approach is the fact that only the global wind loads at the base of the test model are known. The test results from the HFBB measurements can be analyzed using frequency domain or time domain techniques to get the building responses. The frequency domain approach has been dominant over time domain approach for its lesser requirement of computational power though it involves more approximations compared to the time domain approach. Nevertheless, with the current technology where computational power has been significantly improved, the time domain method will become a popular analysis technique. The time domain method allows the determination of wind responses directly from the equation of motion using the measured time history of wind loads, thereby avoiding all the simplifying assumptions used in the frequency domain method. However, even if the more accurate time domain approach is used for the analysis of the response, the three-dimensional (3D) mode shapes found in complex tall buildings complicate the use of the HFBB test results for predicting the structural response [24, 13] . In general, mode shape correction factors for the HFBB technique are necessary for the assessment of wind-induced responses of a tall building. This is to account for the significant uncertainties in the estimation of generalized forces due to the nonideal mode shapes as well as presumed wind loading distributions [23, 17] . HFPI technique with the time domain approach can be more accurate, providing that enough coverage of pressure taps on the model's outer surface is considered [22, 3, 5, 2, 19, 30, 31] .
The HFPI technique is based on simultaneous pressure measurements at several locations on a building's outer surface. Pressure data can be used for the design of the claddings as well as the estimation of the overall design loads for the main force-resisting system. The HFPI technique cancels out any inertial effects that may be included in the overall loads measured by the base balance when the HFBB technique is used. Time histories of wind forces at several levels of tall building models can be obtained from a boundary-layer wind tunnel experiment, with a multichannel pressure scanning system. This enables the building responses to be computed directly in the time domain for buildings with simple or complex mode shapes.
Aly [2] used wind tunnel pressure data with a FE model of a tall building to predict its responses in the time domain. Yeo and Simiu [26] presented an illustration of the use of pressure time histories to estimate structural wind effects on tall buildings. The method allows for the estimation of the response from the time histories of simulated pressures at the exterior surface of a structure [27, 25] . Yeo and Simiu [28] presented a procedure within a database assisted design (DAD) framework that accounts approximately for veering effects on tall building design. Their results show that veering effects on demand-tocapacity indexes for structural members are significant for certain building orientations, and that they increase with the length of the mean recurrence intervals.
Paper layout
The purpose of the study presented herein is to evaluate the responses of a high-rise building through the use of wind loads simulated in a boundary-layer wind tunnel and FE modeling of the full-scale structure. The study goes into the direction of comparing the results with recent design standards and the explanation of the physics behind the response of the building. The paper is organized as follows: In Section 2 a description of the boundary-layer test setup is presented. Section 3 introduces a modal approach to describe the dynamic behavior of a tall building under wind. Section 4 presents the HFPI approach followed to predict time histories of wind loads on a full-scale building. Section 5 presents the dynamic response of the tower obtained using the methodology followed in the current paper along with the comparison of recent codes and standards. Section 6 summarizes the conclusions drawn by the current study.
Experimental tests
The first step in the proposed procedure is to obtain time histories of actual wind loads on a tall building. This was achieved by a wind tunnel experiment on a high-rise building model which was carried out at the PoliMI wind tunnel, Milano, Italy [2, 19] . The objectives of the tests were to conduct both pressure and force measurements on the building tower. Force measurements at the base of the model were conducted using a six-component force balance. The pressure measurements were performed using high speed PSI-system 8400. The overall base loads obtained from the force balance measurements were compared with those attained from the integration of the pressures to ascertain enough pressure tap coverage.
The experiment was carried out in a boundary-layer test section of the wind tunnel of Politecnico di Milano (PoliMI). The dimensions of the test section are 4 m height, 14 m width and 36 m length. These huge dimensions allow for testing civil engineering structural models with large scales (up to 1:50) with low blockage effects. The long length of the test section allows for the turbulent boundary-layer to turbulence be fully developed. The empty test section provides a very uniform smooth flow. The boundary-layer thickness is about 0.2 m and the turbulence intensity I u outside the boundary-layer is below 2%, due to a special type of painting used. Passive vortex generators in the form of spires, brick and roughness elements in the shape of pyramids were used at the entrance of the test section to simulate the growth of the boundary-layer. The configuration used represents a typical urban terrain profile [29] . Mean velocity profile normalized at a reference height of 1 m (which represents 100 m at full-scale) is shown in Fig. 1(a) . It is worth noting that although the mean velocity profile can be obtained through simple measurements using a Pitot Static tube, a high sensitivity velocity measuring device is important to capture the flow fluctuations, and hence the turbulence intensities and the spectral content. Turbulence intensity profiles, integral length scale profiles, and the velocity spectrum at the reference height are shown in Fig. 1(b-d) .
The building used in this study is 209 m · 57.6 m · 22 m steel tower with a total weight of 4 · 10 7 kg. A rigid model of the building was made of carbon fiber and scaled 1:100 (the tallest model in Fig. 2 ). To allow for pressure measurements, hundreds of pressure taps were instrumented on the outer surfaces through tubes passing through the outer skin of the model. These tubes were collected into groups (inside the test model) and then connected to individual pressure scanners. The measurements of the pressure distribution over the outer surface area of the model were conducted through a total number of 448 taps. The measurements of the pressure were carried out using a high speed PSI-system 8400; such system Pressure integration technique for predicting wind-induced responsesupports scanners of type ESP (see Fig. 3 ). Due to the small size of the scanner, it can be mounted inside the test model. This reduces the length of the pneumatic connectors used leading to an improvement in conducting measurements at high frequencies. Plastic tubes are used to connect the taps on the surface of the model to the scanners.
Overall wind loads at the base of the test model were measured using a stiff high-frequency balance. It is worth to mention that a high stiffness force balance was required to reduce the inertial effects under wind loads (rigid model experiment). The balance is capable of capturing six components of reactions at the base of the model (three components of force and three moments). Two accelerometers were mounted at the top of the rigid model from inside for acceleration measurements. These measurements were used later in order to remove the inertial effects from the force balance measurements to obtain the equivalent loads for the static case (in which the model is rigidly fixed with no flexibility).
The wind tunnel tests were conducted for 32 wind directions at 11.25°intervals for three different wind speeds. The pressure data were acquired at 22.5°intervals. The test was done for each one of the three buildings as alone and later for each building with the existence of the other models. Both force and pressure measurements were conducted over a time period of 2 min. Pressure and force data were acquired at sample rates of 62.5 Hz and 250 Hz, respectively.
FE modeling
The second step in the proposed procedure is to build the FE model of the full-scale structure to be used with wind load data in order to predict the dynamic behavior in a real world scenario. Fig. 4 shows the FE model of the full-scale building tower. The model has 2644 elements; each floor has a total number of 55 elements. Two main columns to carry the vertical loads were assumed to have hollow rectangular cross-sectional areas with a wall thickness varying with height in a step manner (rigidity changing with height). Floor masses were assumed to be distributed over the beams and the columns. The structural damping ratio for the first mode is 1%. The modal parameters of the FE model for the first six modes are given in Table 1 . The equation of motion governing the behavior of the structure under wind loads is
where M is a mass matrix, X = [x, y] T is a 2n · 1 vector and n is the number of nodes while x and y are vectors of displacements in x-and y-directions; C is a damping matrix and K is a stiffness matrix.
T , in which F x (t) and F y (t) are n · 1 vectors of external forces acting on the nodes in x-and y-directions, respectively. Using the first nine modes given from the FE model, with the next transformation
In which F is 2n · 9 matrix of eigenvectors and Q is 9 · 1 vector of generalized displacements 
Substituting Eq. (2) into (1) and premultiplying by F T , one obtains
By assuming proportional damping, the above equation results in nine uncoupled equations
where m ii , c ii , and k ii are generalized mass, generalized damping, and generalized stiffness of mode i, respectively. The q j (t) is then solved from each of the above equations. A MAT-LAB code was written to compute the time history of the responses [18] .
Time history of the forces
The equations of motion defined in the previous section have the time history of the wind loads at full-scale as one parameter. So it is required to scale up the wind loads measured in the wind tunnel experiment. Using the measurements obtained by the pressure transducers, C p at each tap was obtained as a function of both space and time. The geometric scale of the model to the prototype k L is 1:100. The mean wind speed at full-scale is assumed to be 30 m/s at a height of 100 m and the mean wind speed during the wind tunnel tests was 14.7 m/s. This gives a velocity scale k V of 1:2.04. Accordingly, the timescale can be calculated as k T = k L /k V = 1:49. This Figure 3 ESP pressure scanners with 16 and 32 channels. Due to their small size, they can be accommodated inside the test model (see [12] ).
means that the 2 min wind data correspond to 98 min at fullscale. The pressure values on the surface of the full-scale model can be calculated as follows:
where P(space, time) is a matrix containing pressure values on the surface of the full-scale model as a function of space and time, q is the air density which is assumed to be 1.225 kg/m 3 , V is the mean velocity of the wind at full-scale, and C p is the pressure coefficient obtained at the location of each tap as a function of time. The wind load at each node of the outer surface (see Fig. 5 ) is the integration of the pressure over the surface area in the vicinity of the node (tributary are, see [4] ) as follows:
This means that once the time history of the pressures on the outer surfaces is calculated, the external forces acting on the nodes of the surface can be computed. The excitation forces acting on the internal nodes are of course equal to zero. To allow for sufficient pressure measurements, 448 taps were mapped on the outer surface of the model (for the wind tunnel experiment). Pressure taps were distributed to cover the entire outer surface with more intense at the upper part of the test model (see Fig. 6(a) ). Pressure data were integrated on the outer surface of the building (see Fig. 6(b) ) to obtain the corresponding time history of wind loads. Codes were written in MATLAB to estimate the time histories of the wind forces acting at the center of each smaller area.
Mean wind loads along x-and y-direction as a function of the approaching wind direction are shown in Fig. 7 . The wind loads measured by the balance are scaled up to represent the loads on the full-scale real building. It is shown that there is a good agreement between the results obtained by the balance and the pressure integration technique. It can be seen from the results presented in the figure that the effects from the surrounding tall buildings that have building heights about 71.8% and 81.3% of the tower height are significantly dependent on the incident wind direction. The effect is a reduction in the mean wind loads if the wind is coming from the direction of the surrounding buildings (sheltering effects). The maximum values of the mean wind loads in x-and y-direction occur at 202.5°and 270°, respectively. It can be seen also that magnitudes of the loads in the along-wind direction are larger than those in the cross-wind direction. Fluctuating wind loads along x-and y-direction as a function of the approaching wind direction are shown in Fig. 8 . The effect of the surrounding buildings is seen again as a dependent on the incident wind direction. The maximum values of the fluctuating wind loads in both x-and y-directions occur at an incident angle of 270°. The fluctuating wind loads in the y-direction are larger than those in the x-direction. This is due to the fact that the building is wider in the y-direction and thinner in the x-direction. However, the building is more flexible in the x-direction which means the dynamic displacements in this direction can be higher than that in the ydirection.
The generalized forces (GF) are obtained as follows:
GF ¼ U T Fðnodes; timeÞ: ð8Þ Fig. 9 shows time history and Fast Fourier Transform (FFT) of the generalized forces for the first two modes under a wind direction angle of 270°. Table 2 gives the response of the tower in the along-wind direction and the cross-wind directions for a wind direction angle of Pressure integration technique for predicting wind-induced response270°with different considerations of the mode shape. It is shown that the displacement response of the building may be evaluated by the first two vibrational modes. However, the acceleration response is contributed by not only the first two lateral vibrational modes but also by the contribution of higher modes. In any case, for accurate evaluation of the acceleration response it is important to consider not only the first two lateral vibrational modes but also higher modes. Ignoring contribution of higher modes may lead to underestimation of the acceleration response; however, it could result in overestimation of the displacement responses. After mode number 8 the change in the response is not significant. This is the reason for which only the first nine modes were considered. It is shown that the fluctuating cross-wind displacement (standard deviation) is higher than that of the along-wind. Time history and FFT of the displacement and acceleration responses of the top corner of the building are shown in Figs. 10 and 11. Again it is shown that the acceleration response is contributed by higher modes of vibration while the displacement is dominant by lower modes.
Dynamic response
Standard deviation (STD) of the displacements in x-and ydirection is shown in Fig. 12 as a function of the approaching wind direction. It can be seen from the figure that the maximum STD displacements of the building along x-and y-direction for all incident wind angles are 0.191 m and 0.135 m, which occur at 90°and 0°, respectively. Both directions are cross-wind for x-and y-direction, respectively. Fig. 13 shows peak values of displacements of the top corner of the tower for both x-and y-direction as a function of the coming wind direction. The maximum displacements of the building along x-and y-direction for all incident wind angles are 0.704 m and 0.727 m, which occur at 292.5°and 270°, respectively.
STD acceleration responses of the top corner along x-axis and y-axis are shown in Fig. 14 as a FFT Figure 9 Generalized forces for an incident angle of 270°. Note: the mean value of loads is presented in the time history data (the second mode is mostly lateral vibration in the along-wind (y-direction)). acceleration responses of the building along x-and y-direction for all incident wind directions are 0.222 m/s 2 and 0.273 m/s 2 , which occur at 90°and 180°, respectively (cross-wind in both directions).
Maximum acceleration responses along x-axis and y-axis under the design wind speed action are shown in Fig. 15 as a function of the approaching wind direction. It can be seen from the figure that the maximum acceleration responses of the building along x-and y-direction for all incident wind angles are 0.847 m/s 2 and 1.122 m/s 2 , which occur at 90°and 180°, respectively (cross-wind for both directions). Generally, the building acceleration is the most appropriate response component for checking the structural serviceability under wind loads. It is shown that the maximum acceleration is about 11.44% g which is considered by Simiu and Scanlan [20] to be very annoying. High responses are expected in this Pressure integration technique for predicting wind-induced responsestudy because the wind profile used is highly turbulent and the structure is flexible with an aspect ratio of 9.5. In any case, a mitigation approach is presented in Aly et al. [3] .
The Engineering Sciences Data Unit [10] , the ASCE 7-2010 [1] and the Eurocode 1 [11] were used to obtain the along-wind response of the tower, assuming that the building shape is a rectangular prism. For the ASCE 7-2010, the basic wind speed is defined over a period of 3-s. Using the formula ( [20] , Eq. Figure 13 Peak values of the displacements of the top corner: (a) x-direction and (b) y-direction. Note: the mean value of displacements (due to static wind loads) was considered in the peak value analysis. Table 3 shows that there is a good agreement between the results obtained using the different codes and the results from the proposed method. Although the STD values of the acceleration obtained by the ASCE 7-2010 and the Eurocode are similar, the maximum values are different.
In conclusion, the methodology presented in the current paper has the advantages of considering complex shapes of structures with non-uniform mass distribution and can easily account for any required number of mode shapes to be considered in the response analysis. Wind-induced response analysis of tall buildings in their preliminary design stages can help Pressure integration technique for predicting wind-induced responsedecision makers to choose among potential mitigation solutions like aerodynamic shape modification, structural member size adjustment, and/or damping enhancement by passive, active, or semi-active control devices [3] [4] [5] [6] [7] [8] . Fig. 16 shows a schematic representation of a proposed decision making strategy, helpful in the design of high-rise buildings for wind.
Concluding remarks
The paper presents practical procedure for response prediction in high-rise buildings under wind loads. To show the applicability of the procedure, aerodynamic loads acting on a quasirectangular high-rise building based on an experimental approach (surface pressure measurement) are used with a mathematical model of the structure for wind-induced response evaluation. The contributions of this paper can be summarized as follows:
The case study building represents an engineered steel design of a structure that is very vulnerable to wind loads. This may be due to its low weight as well as high flexibility associated with the low dominant natural frequencies and the high aspect ratio. A good agreement in the predicted responses was found among the proposed approach and the most significant design standards (in the along-wind direction).
The methodology based on HFPI and FE modeling, proposed for the estimation of the response of high-rise buildings under wind loads, has the advantage of combining lateral along-wind, lateral cross-wind, and torsional responses altogether. The proposed technique has the capabilities of considering structures with: (1) complex mode shapes, (2) non-uniform mass distribution, and (3) interference from the surrounding. In addition, the technique can account for the contribution of higher modes of vibration and the wind direction angle. The effect of the wind incident angle is very important as the maximum cross-wind response occurred at angle of 292.5°(at this angle it is difficult to calculate such response by traditional codes) rather than 90°or 270°. This is due to the interference effect caused by two tall buildings in the vicinity. However, this effect resulted into reduction in the mean wind loads and the associated maximum along-wind displacement, when the surrounding buildings were located in the upstream flow. The response of tall buildings in the cross-wind direction (lateral response combined simultaneously with torsion) can be higher than the response in the along-wind direction. This reveals the importance of the methodology presented in the current study, as the literature may provide accurate estimate of the along-wind response but less guidance for the estimation of the critical cross-wind and torsional response. Figure 16 Schematic representation of a proposed decision making strategy, helpful in the design of high-rise buildings for wind.
For accurate estimation of the acceleration response it is important to consider not only the first two lateral vibrational modes but also higher modes. Ignoring contribution of higher modes may lead to underestimation of the acceleration response; however, it could result in overestimation of the displacement responses.
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Appendix A.
A.1. Calculation of the along-wind response using Eurocode 1
Note: All Expressions, Figures, Tables and Sections referred to in this appendix are the same as that stated in the Eurocode 1 [12] . The standard deviation of the turbulence r v may be determined using Expression (4.6). The wind force F w acting on a structure or a structural component may be determined directly by the Expression (5.3)
where C s C d is the structural factor, C f is the force coefficient for the structure or structural element,(z e ) is the peak velocity pressure (defined in 4.5) at reference height z e , A ref is the reference area of the structure or structural element.The structural factor C s C d is given in Expression (6.1). The background factor B 2 allowing for the lack of full correlation of the pressure on the structure surface may be calculated using Expression (B.3): However, the value recommended by the code for B 2 is 1. The resonance response factor R 2 allowing for turbulence in resonance with the considered vibration mode of the structure should be determined using Expression (B.6):
S L ðz e ; n 1;x ÞR h ðg h ÞR b ðg b Þ where d is the total logarithmic decrement of damping given in F.5, S L is the non-dimensional power spectral density function given in B.1 (2) and R h and R b are the aerodynamic admittance functions. The logarithmic decrement of damping d for fundamental bending mode may be estimated by Expression (F.15).
where d s is the logarithmic decrement of structural damping, d a is the logarithmic decrement of aerodynamic damping for the fundamental mode and d d is the logarithmic decrement of damping due to special devices (in this case d d is zero). where C f,0 is the force coefficient of rectangular section with sharp corners, w r is the reduction factor for square sections with rounded corners and w k is the end coefficient factor for elements.
From Fig. 7 .23, d/b = 0.3819, C f,0 = 2.25. From Fig. 7 .24 w r is 1. From Fig. 7 .36 considering u = 1 and k ¼ 70 (from Table 7 .16 consider case no. 4), w k ¼ 0:915. The wind distribution over frequencies is expressed by the non-dimensional power spectral density function, S L (z, n) which should be determined using Expression (B. The aerodynamic admittance functions R h and R b for a fundamental mode shape may be approximated using Expressions (B.7) and (B.8)
